A cellulolytic, thermophilic actinomycete (previously isolated from municipal refuse compost samples) was identified as Thermomonospora curvata. A determination was made of the optimal conditions for cellulase production by T. curvata when grown at 55 C in a medium containing mineral salts, cellulose, and yeast extract. The pH and temperature optima (pH 6.0 and 65 C) for the cellulase produced by T. curvata were identical to those previously observed for the cellulase extracted from crude compost samples. Such similarities, together with the prevalence of T. curvata in compost samples and its ability to grow at composting temperatures, indicate that this actinomycete could possibly be considered as a major cellulose decomposer in the municipal refuse composting process.
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During the last four decades, the per capita production of solid waste in the United States has doubled and is believed to be increasing at the rate of 4% per annum (15) . The The paper content of the municipal solid waste often averages over 50% (1) , and, therefore, cellulose degradation by the indigenous microbiota is of major importance in the composting process. In a recent report (21) , the isolation of three species of cellulolytic flora from municipal solid waste compost samples was described. A thermophilic actinomycete was chosen for further study due to its prevalence in compost samples and its ability to grow rapidly at composting temperatures (50 to 60 C) on cellulose-agar media. The purposes of the present study were: (i) to identify this actinomycete, (ii) to determine optimal conditions for its cellulase (EC 3.2.1.4) production, and (iii) to compare its extracellular C. cellulase with the crude C, cellulase activity previously observed in compost extracts (21 MATERIALS AND METHODS Culture identification. We are indebted to Thomas Cross, University of Bradford, Bradford, England, for his identification of the thermophilic actinomycete used in these studies. The medium used for morphological observations was half-strength nutrient agar consisting of the following: beef extract, 0.5 g; yeast extract, 1.0 g; peptone, 2.5 g; NaCl, 2.5 g; agar, 15.0 g; distilled water, 1 liter (final pH 7.0 to 7.2). Cultures were incubated at 40, 49, and 55 C, and morphological development was observed at intervals as long as 5 days.
Culture maintenance. Cultures were maintained at 4 C on the microcrystalline cellulose-agar medium previously described (21) .
Medium for cellulase production. The composition of the soluble portion of the medium routinely used for cellulase production was as follows: (NH4)2S04, 1.0 g; MgCl2-6H20, 0.1 g; 1.0 M potassium phosphate buffer (pH 8.0), 100 ml; 10% yeast extract (Difco) solution, 10 Assay for cellulase activity. Before the assay for free cellulase, culture fluids were clarified by centrifugation at 40,000 X g for 30 min at 2 C. Due to the multiplicity of components in the cellulase complex (5), activity was assayed by two methods generally similar to those recommended by Mandels and Weber (14) . The activity of the C1 component (the prehydrolytic or activating enzyme which is necessary for the hydrolysis of resistant substrates such as cotton fibers) was measured as follows. A 3.2-ml amount of the clarified culture fluid and 0.8 ml of sodium acetate buffer (1.0 M) were added to 90 mg of surgical grade absorbent cotton (Johnson and Johnson Co., New Brunswick). The final pH of this reaction mixture was 6.0 to 6.2. After incubation for 15 min at 65 C, the increase in soluble reducing sugars was measured by the method of Nelson (16), with glucose as the reducing sugar standard. Production of reducing sugar in the C1 assay system was proportional to incubation time until a reducing sugar concentration equivalent to approximately 35 ,g of glucose per ml was reached (about 20 min under optimal conditions).
The C. cellulase component (the enzyme which hydrolyzes activated cotton and soluble cellulose derivatives) was assayed by the hydrolysis of carboxymethylcellulose (CMC) as previously described (21) . The C, and C. activities are expressed in milliunits and units, respectively, according to the recommendations of the International Union of Biochemistry (10) . The standard deviations of the C1 and C. assays (each calculated from data obtained with four groups of four replicate samples) were -3.8 and :7.4%, respectively.
RESULTS
Identification of the actinomycete. Figure 1 is a photograph of the thermophilic actinomycete after growth on half-strength nutrient agar for 48 hr at 49 C. Note the long aerial hyphae with the single spores on simple or dichotomously branching sporophores. This actinomycete appeared to be very similar to Thermomonospora curvata previously described (8, 9) and has been classified as such by Cross. Optimal conditions for ceuase production. (Fig. 2 ). An increase in microcrystalline cellulose (Avicel) concentration from 0.05% (w/v) to 0.1% doubled the production of free cellulase (C.), but an increase to 0.5% Avicel caused a 70% reduction in activity. Reduction in cellulase production was accompanied by an accumulation of reducing sugars in the medium; this accumulation routinely occurred during growth when the Avicel concentration exceeded 0.1%. The use of 50 mg of ground absorbent cotton in addition to the Avicel increased C, and C. production slightly (26 and 12%, respectively), but addition of more cotton caused no further stimulation. Therefore, 50 mg of Avicel and 50 mg of ground cotton were employed as the cellulose source in each 50-ml culture.
Results of studies to determine the optimal pH for cellulase production are shown in Fig. 3 . Maximal cellulase production was attained when the initial pH of the medium was adjusted to 8.0 with phosphate buffer (final concentration, 0.1 M). After was approximately 1:450 after incubation of the cultures for 6 days. Cell nitrogen in flasks providing optimal conditions for cellulase production increased from 3 ug/ml at the time of inoculation to a range of 35 to 56 jsg/ml at 6 days. This wide variation is due in part to the heterogeneous clumping growth of the T. curvata, the tendency (Fig. 7) . The Km for the reaction system was calculated to be 1.90% CMC based on a plot fitted to the data by the least-squares method.
[ The availability of carbohydrate during growth (either as cellulose or as cellobiose) was a major influence on cellulase production. The presence of soluble reducing sugars in the medium inhibited cellulase production. This phenomenon is not unusual in studies on microbial cellulase production, particularly those involving cellulolytic fungi of the genus Trichoderma (12, 13) . Apparently, soluble sugars such as cellobiose (whether added to the medium or produced as hydrolysis products of cellulose by enzymatic attack) act as effective repressors on cellulase production when present in greater than trace amounts. Therefore, the optimal concentration of cellulose in the medium would be that which would allow growth and cellulase production without allowing accumulation of soluble sugar to act as a repressor. The use of 0.1 % microcrystalline cellulose (Avicel) and 0.1% ground cotton appeared to meet that requirement in the present studies.
An initial pH value of 8.0 was optimal for cellulase production by T. curvata; optimal growth of most actinomycetes occurs in the pH range of 7 to 8 (22) . This pH range is attained by the composting solid waste at the PHS-TVA Composting Project during the fourth to fifth week of the process and seldom exceeds pH 8.5 (21) . This slightly alkaline pH together with the elevated temperatures would favor the growth of actinomycetes over that of the fungi.
When T. curvata was cultured at 55 C under optimal conditions of cellulose, yeast extract, and hydrogen ion concentrations, maximal accumulation of both C1 and C, (4.5 units and 10 miliunits per ml, respectively) enzymes occurred at approximately 6 days. Activity of the cell-free culture fluids was much greater against the soluble, substituted cellulose (CMC) than against the insoluble cotton fibers. As pointed out by Mandels and Weber (14) , hundreds of microorganisms have been studied as to their ability to produce cell-free enzymes which rapidly hydrolyze cellulose; yet the enzyme-containing filtrates generally act in a relatively slow manner on a highly resistant material such as cotton fibers. Since cotton fibers constitute one of the forms most resistant to enzymatic attack, it is predictable that culture fluids would act upon the insoluble fibers much more slowly than on a soluble cellulose such as CMC which is very susceptible to enzymatic hydrolysis.
The optimal pH and temperature (6.0 and 65 C) for C, activity in the cell-free culture fluids of T. curvata are identical to those observed for C, activity in extracts of various compost samples studied at the PHS-TVA Composting Project (21) . Although pH 6.0 is somewhat higher than the optimal pH range (pH 4.5 to 5.2) for cellulases of fungi such as Trichoderma viride (17) and Myrotheciwn verrucaria (6) , it correlates well with the pH optimum (pH 5.9) observed for cellulase of an actinomycete of the genus Streptomyces (19) . The temperature optimum of 65 C for the C, enzyme of T. curvata is higher than that of most fungal f,-glucanases (50 C); but a few, such as the f3-1, 6 (18) , respectively, but the effect of substrate concentration on reaction rate is complicated by the adsorption of the enzyme on the substrate (whether it be CMC or solid cellulose) in such a way that it is rendered inactive when the ratio of enzyme to substrate is relatively low (18) . In the present study, a Km value of 19.0 mg/ml (1.90%) was calculated for the C,. enzyme hydrolyzing a CMC with a degree of substitution (DS) of approximately 1.2. This high Km value may be due to the high DS of the CMC, for it has been shown that the Km for CMC increases with increase in DS (4). However, the Km calculated for C, activity of compost extracts studied under conditions identical to those in the present study was 8.3 mg/ml (21) . The evaluation of this difference would probably require purification of C. enzymes from both sources.
In conclusion, it should be stated that the prevalence of T. curvata in compost samples taken at the PHS-TVA Composting Project, its ability to grow at composting temperatures VOL. 22, 1971 152 STUTZENBERGER (50 to 60 C), and its production of cellulase which has identical pH and temperature optima as that of compost extracts strongly indicate that this actinomycete may occupy a major role in cellulose degradation during the composting of municipal solid wastes. Studies are now in progress to determine the nutritional requirements of T. curvata in a chemically defined medium and to compare its ability to degrade various natural and synthetic cellulosic materials. It is hoped that such studies will form the basis for successful manipulation of controlled composting conditions to increase the speed and effectiveness of cellulose degradation in the process.
